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NanoparticleAbstract Electrochemical synthesis of cubic magnetite nanoparticle (MNP) in ferrous perchlorate
aqueous medium and its spectral investigations have been carried out. The structural property of
MNP is evidenced by X-ray diffraction pattern shows the characteristic peaks. Further the vibra-
tional frequencies of MNP are evaluated using FT-IR and Raman spectroscopic techniques.
UV–visible spectroscopic studies show the possibility of surface plasmon resonance effect. The
cubic structure of MNP has been conﬁrmed by transmission electron microscope (TEM) technique
and it is also evidenced by scanning electron microscope (SEM). The as-synthesized MNP shows
superparamagnetic property which is conﬁrmed by the vibrating sample magnetometer, hence it
could be useful for synthesis of very ultra superparamagnetic iron oxide solution (VUSPIO) for can-
cer treatment.
ª 2011 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
The synthesis of magnetite nanoparticle has been a ﬁeld under
intense investigation due to the novel properties and potential-
ity on the practical applications in the development of mag-
netic resonance imaging contrast agents, immunoassays and
targeted drug delivery vehicles (Hao et al., 2010; Gupta and
Gupta, 2005; Majewski and Thierry, 2007). The magnetic
properties of magnetite nanoparticle have been exploited in a
broad range of applications including magnetic seals and inks,
magnetic recording media, catalysts, therapeutic agents for
cancer treatment, high performance seals in space applications,
eye surgery to repair damaged retina (Teja and Koh, 2009;
Figure 1 XRD pattern of MNP electrochemically synthesized
from 0.1 M Fe(ClO4)2 at 50 mA cm
2.
S830 D. Gopi et al.Massart, 1981; Massart and Cabuil, 1987; Bee et al., 1995).
These applications demand the nanomaterials of speciﬁc sizes,
shapes, surface characteristics and magnetic properties. The
magnetite in nano size form exhibit superparamagnetic behav-
ior at room temperature. In other words, they strongly magne-
tize under an applied magnetic ﬁeld but retain no permanent
magnetism once the ﬁeld is removed (Bee et al., 1995; Boistelle
and Astier, 1988). Thus, with these excellent properties,
magnetite nanoparticles are suitable for bio medical applica-
tions such as cancer diagnosis (Cornell and Schwertmann,
2003; Dormer et al., 2005) and magnetically medicated
separation of biomolecules (Cui et al., 2006). The traditional
method for preparing magnetite nanoparticle is the chemical
co-precipitation of Fe2+ and Fe3+ aqueous salt solutions in
an alkaline medium. The MNPs synthesized by the conven-
tional hydrothermal method (Daou et al., 2006) possess the
high ratio of surface to volume and magnetization. Therefore,
these MNPs are prone to aggregate and displaying increase in
particle size. However, increasing the size of particles would
surely add attraction to an external magnet and therefore limit
their applications in the biomedicine (Teja and Holm, 2002;
Wang et al., 2007; Xu and Teja, 2006; Hermanek et al.,
2007). In this context, it is very hard to obtain the magnetite
nanoparticles with diameter smaller than 25 nm with better
magnetic properties because the difﬁculty in overcoming the
problems of particle size, poly dispersity and the phenomenon
of aggregation.
In this paper, we report the synthesis of MNPs through
electrochemical route. The electrochemical synthesis of MNP
has begun to emerge as an option among the conventional
methods for the preparation of magnetic nanoparticle (Cabre-
ra et al., 2008; Delatorre et al., 2009; Cao et al., 2006; Marques
et al., 2008). Synthesis of MNP by electrochemical method
have already been reported using organic amine compounds
like tetra methyl ammonium chloride (Cabrera et al., 2008),
triethanolamine (Delatorre et al., 2009), poly allyl amine
hydrochloride (Cao et al., 2006) and with Fe(NO3) (Marques
et al., 2008) either used as an electrolyte or as a surfactant with
tedious electrode constructions. Envisaged by the above in
mind, we report a facile method for the synthesis of MNP in
an organic free especially amine free medium by electrochem-
ical method using ferrous perchlorate aqueous solution with
two electrode construction.2. Materials and methods
2.1. Electrochemical synthesis of cubic magnetite nanoparticle
The metal iron sheets have been employed as anode and cath-
ode, the dimension of electrodes were 1 · 1 cm2 and 0.2 mmTable 1 Electrochemical reaction parameters.
Sample no. Conc. of Fe(ClO4)2 (M) Current density (mA cm
2)
1 0.01 50
2 0.1 50
3 1.0 50
4 0.1 40
5 0.1 50
6 0.1 60thickness to synthesize the nano-sized magnetite nanoparticles.
The electrodes were pretreated by hydrochloric acid for 10–
20 s to remove the unwanted layer on the surface of electrodes
and ﬁnally washed with acetone and dried, prior to the electro-
chemical experiments. The iron (II) perchlorate is purchased
from Alfa Aesar and used as received without further puriﬁca-
tion. The electrodes were immersed in 1 cm depth and placed
directly opposite to each other. The electrochemical synthesis
of magnetite nanoparticle is performed in homogeneous aque-
ous solution of Fe(ClO4)2, at the different concentrations of
0.01, 0.10 and 1.00 M of electrolyte (Table 1). The electro-
chemical reaction is carried out in galvanostat mode at various
current densities of 40, 50 and 60 mA cm2, with constant stir-
ring. The experiment is carried out with two reaction times of
1800 and 2700 s in every case and the reaction temperature was
kept at 300 K. The MNP is deposited on cathode material and
it is recovered carefully by scraping with glass rod and kept in
poly tetra ﬂuoro ethylene (PTFE) sample vial for further
characterizations.
2.2. Characterization of magnetite nanoparticle
The phase composition and structure of the as-synthesized
magnetite nanoparticle are determined by X-ray diffraction
using a PANalytical model X’per PRO diffractometer with
monochromatic Cu Ka radiation at the scanning speed of
0.5 (2h) min1. The FT-IR spectrum of the magnetite nano-
particle is recorded from 400 to 4000 cm1 region in Thermo
Nicolet 5700 instrument using KBr pellet. Raman spectrum
of MNP is obtained from Wi-Tec Raman spectrometer and
sample was excited at 632.8 nm. The absorption spectrum of
the magnetite nanoparticle is recorded using UV–visible spec-
trometer of CARY make by dispersing magnetite nanoparticle
in water. The structural morphology of MNP is characterized
by FEI TECNAI transmission electron microscope (TEM) at
200 keV by dispersing MNP in double distilled water and vig-pH Reaction time (min) Particle size (nm) measured by TEM
5.5 30 20 ± 2
5.8 30 15 ± 6
6.0 30 35 ± 9
5.8 45 18 ± 3
5.8 45 20 ± 5
5.8 45 18 ± 5
Electrochemical synthesis and characterization S831orously shaken before dropping the MNP on carbon coated
copper TEM grids. Further the surface of MNP is elucidated
by Philips make scanning electron microscope (SEM) at 20–
30 keV electron beam radiation and the subsequent elemental
analysis was performed using energy dispersive X-ray analysis
(EDXA) system attached to the same instrument. The mag-
netic property of the sample is characterized by Lakeshore
make vibrating sample magnetometer (VSM) with the appliedFigure 2 (a) TEM image of MNP electrochemically synthesized in
20 nm (c) at 2 nm and (d) its selected area electron diffraction pattern. (
at 50 mA cm2.magnetic ﬁeld of ranging from 15,000 to 15,000 Gauss at
room temperature 300 K.
3. Results and discussion
Electrochemical synthesis of magnetite nanoparticle was car-
ried out in a 0.1 M solution of Fe(ClO4)2 at 50 mA cm
2 cur-
rent density. The mean particle size was determined by TEM0.1 M Fe(ClO4)2 at 50 mA cm
2 (b) its high resolution images at
e) Histogram of the TEM image synthesized from 0.1 M Fe(ClO4)2
S832 D. Gopi et al.analysis and is found to be 15 ± 6 nm. In order to analyze the
effect of concentration of Fe(ClO4)2 on the particle size and
size distribution of MNP, we have carried out a series of syn-
thesis at various concentration ranging from 0.01 to 1 M.
Anodic reaction:2þ Fe! Fe þ 2e ð1Þ
H2O! 2Hþ þ 2e þ 1=2O2 ð2Þ
Cathodic reaction: Figure 3 (a) SEM image of MNP electrochemically synthesized
from 0.1 M Fe(ClO4)2 at 50 mA cm
2 and (b) its subsequent
EDXA pattern.2H2Oþ 2e ! H2 þ 2OH ð3Þ
2Fe2þ þ FeðClO4Þ2 þ 8Hþ þ 4ð1=2O2Þ
! Fe3O4ðsÞ þ 2HClO4ðlÞ þ 3H2ðgÞ ð4Þ
It is also found that the variation of current density does not
inﬂuence much on the mean particle size of MNP. Thus when
the current density is increased from 40 to 60 mA cm2 for
0.1 M Fe(ClO4)2 the particle size was found to be around
20 ± 5 nm (Table 1). These results are in good agreement with
the earlier results obtained on electrochemical synthesis of
MNP by (Cabrera et al., 2008). It is also conﬁrmed that the
particle size distribution is inversely proportional to the cur-
rent density to an increased diffusion rate of the generated
MNPs with a decrement in Helmholz layer, where the reaction
takes place.
It is already reported by Gnanaprakash et al. (2007) that
the temperature and pH are playing major role in the synthesis
of MNP by using conventional methods. Advantageously in
our electrochemical reaction, the pH and temperature not nec-
essarily be stabilized during the entire reaction course. How-
ever in order to control the agglomeration states between the
particles, it is necessary to create an additional repulsive force
to counterbalance the Van der Waals force. This can be
achieved by the presence of a repulsive agent like perchloric
acid (HClO4) (Alboronoz and Jacobo, 2006). This is formed
as a byproduct during electrochemical reaction course from
the electrolyte. This perchloric acid can control the agglomer-
ating tendency of the particles in colloidal solution. Further it
is also observed that there is no signiﬁcant change on the size
and size distribution of MNP by increasing reaction period.
The powder X-ray diffraction pattern of magnetite nano-
particle synthesized from 0.1 M of Fe(ClO4)2 electrolyte at
50 mA/cm2 is presented in Fig. 1. The characteristic peaks
corresponding to the synthetic magnetite have been observed
and the data is also referred with JCPDS card No. 89-2355.
The following diffractions (2h) were observed 18.29, 30.08,
35.43, 37, 43, 53, 56, 62, 73.9, 78.9 and 89.61 from correspond-
ing hkl plane of 111, 220, 311, 222, 400, 331, 422, 511, 533, 444,
and 731, respectively. Upon using the Scherrer’s formula, the
particle size of MNP corresponding to the most intense peak
of 311 plane (2h= 35.43) is found to be 15 nm which is also
consistent with transmission electron micrographs.
D ¼ 0:98k=b cos h; ð5Þ
where
b ¼ Xdiff  p=180: ð6Þ
The as-synthesized MNPs is examined in transmission electron
microscope (Fig. 2a–d) to conﬁrm the structure and size ofnanoparticle and its shows attractive cubic structured magne-
tite nanoparticle in monodispersed state. The high resolution
transmission electron micrograph (Fig. 2c) and its selected area
electron diffraction pattern (Fig. 2d) shows that the inter-
atomic distance between atoms are 2.6 and 3 A˚ corresponds
to the 311 and 220 plane of the as-synthesized magnetite nano-
crystals respectively. These values are matched with powder X-
ray diffraction pattern of the magnetite. The histogram
(Fig. 2e) of the MNP depicts that 35% of the average size dis-
tribution is found to lien in the range of 10–15 nm and10% of
the size distribution lies in the range of 2–5 nm.
The SEM image of electrochemically synthesized MNP
from 0.1 M concentration of Fe(ClO4)2 as an electrolyte with
applied current density of 50 mA cm2 at a pH of 5.8, in time
period of 30 min is depicted in Fig. 3a. From the SEM micro-
graph, it is evident that the cubic structured morphology and
the nano sized magnetite particles were achieved by this meth-
od and the consecutive EDXA (Fig. 3b) measurement has also
been done for this micrograph which detects the following ele-
ments Fe, Au, Si and O. Out of which gold and silica coming
from the substrates and Fe and Oxygen coming from the
samples.
Raman spectrum as depicted in Fig. 4 discriminates be-
tween the magnetite, maghemite and other iron oxide phases.
The Raman modes of vibration of magnetite are unusually
broad (typical) FWHMs around 40–50 cm1due to the pres-
ence of strong electro-phonon interaction in this compound
(Chamritski and Burns, 2005; Shebanova and Lazor, 2003;
Figure 4 Raman spectrum of MNP carried out at laser power
18 mW excited at 632.8 nm.
Table 2 The Raman energy levels of MNP excited at
632.8 nm, A and B indicates position of Fe metal octahedral
and tetrahedral geometry respectively.
Simulated
value/cm1
(Chamritski and Burns)
Experimental
value/cm1
(this work)
Ions
involved
Symmetry
species
241 216 A,O T2g(1)
296 277 O T2g(2)
505 486 B,O E1g
581 584 A,O T2g(3)
666 669 O A1g
Figure 5 FT-IR spectrum of MNP electrochemically synthesized
from 0.1 M of Fe(ClO4)2 at 50 mA cm
2.
Figure 6 (a) UV absorption spectrum of initial electrolyte of
0.1 M of Fe(ClO4)2 and (b) colloidal solution of MNP.
Figure 7 Hysteresis curve of as-synthesized MNP from 0.1 M of
Fe(ClO4)2 at 50 mA cm
2.
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computational study on the Raman active phonons of magne-
tite through atomistic simulation method and these values clo-
sely match with our Raman spectrum of MNP. The Raman
shifts of theoretical and experimental values are tabulated
(Table 2) with corresponding energy levels. The peaks at 216and 584 cm1 were arising from T2g(1) and T2g(2) energy levels
of metal–oxygen occupying octahedral positions respectively.
The peak at 486 cm1 from the E1g energy level of metal–
oxygen occupies at tetrahedral position. It indicates that the
structure of obtained Fe3O4 nanoparticle is two Fe atoms
are occupying at octahedral positions and one Fe atom is occu-
pying the tetrahedral geometry which explaining the cubic
structure of obtained Fe3O4 nanoparticles.
The strong peak at 578 cm1 assigned in FT-IR spectrum
(Fig. 5) indicates the presence of iron metal–oxygen stretching
frequency. Probably the spectra around 550–650 cm1 is as-
signed to MT–O–MO vibration, where MT and MO correspond
to the metal occupying oxygen at the tetrahedral and octahe-
dral positions, respectively. Further it evidences the presence
of divalent tendency of electrochemically synthesized magne-
tite nanoparticles.
S834 D. Gopi et al.The UV absorption spectrum of blank ferrous perchlorate
solution before the electrochemical reaction shows no charac-
teristic peak (Fig. 6a) however after the electrochemical
reaction the MNP colloidal solution shows a peak at 452 nm
and further it exhibits a broad peak around 366–530 nm
(Fig. 6b) which can be possible by the surface plasmon reso-
nance effect in the magnetite nanoparticle. The optical part
of the spectrum wavelength of the metal signiﬁcantly changes
when their size becomes less than the skin depth due to the col-
lective electron oscillations in metal structures (Sarychev and
Shalaev, 2000).
A typical vibrating sample magnetometer spectrum was
also recorded for magnetite nanoparticle synthesized by elec-
trochemical method at 0.1 M concentration of Fe(ClO4)2 at
50 mA cm2. The hysteresis curve (Fig. 7) demonstrates the
superparamagnetic property of the magnetite nanoparticle at
room temperature and it shows a very less coercive ﬁeld (50
G). The applied magnetic ﬁeld is in the range of 15,000 to
15,000 Gauss while the magnetization is not saturated in this
applied magnetic ﬁeld which is terminated at 27 emu g1.
4. Conclusion
The cubic magnetite nanoparticles have been successfully syn-
thesized by electro-oxidation of iron in aqueous medium of fer-
rous perchlorate. This results in quite uniform particles with
the mean size of 15 ± 6 nm which is evidenced from histogram
of TEM image synthesized from 0.1 M of Fe(ClO4)2 at
50 mA cm2. The X-ray diffraction pattern and TEM images
clearly support the presence of cubic magnetite nanoparticles.
The FT-IR and Raman spectroscopic investigations conﬁrm
the characteristic vibrational frequency of MNP. Further UV
spectrum shows the possibility of surface plasmon resonance
effect in the metal oxide nano particles. This method is quite
interesting since no micelles or stabilizing agent or surfactant
was used to stop cluster growth, which occurs commonly in
many conventional chemical routes. The MNP shows super-
paramagnetic property evidenced by vibrating sample magne-
tometer. Hence it could be used for synthesis of VUSPIO for
cancer treatment.Acknowledgements
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